Measurement of the ZZ production cross section in pp collisions at √ s =1.96 TeV
We present a new measurement of the production cross section σ(pp → ZZ) at a center-of-mass energy √ s = 1.96 TeV, obtained from the analysis of the four charged lepton final state ℓ + ℓ − ℓ ′ + ℓ ′ − (ℓ, ℓ ′ = e or µ). We observe ten candidate events with an expected background of 0.37 ± 0.13 events. The measured cross section σ(pp → ZZ) = 1.26
+0.47
−0.37 (stat) ± 0.14 (syst) pb is in agreement with NLO QCD predictions. This result is combined with a previous result from the ZZ → ℓ + ℓ − νν channel resulting in a combined cross section of σ(pp → ZZ) = 1.40
+0.43
−0.37 (stat) ± 0.14 (syst) pb.
PACS numbers: 12.15.Ji, 13.85.Qk, 14.70.Hp Studies of the pair production of electroweak gauge bosons provide an important test of electroweak theory predictions. The production of pairs of Z/γ * bosons has the smallest cross sections for any standard model (SM) diboson process not involving the Higgs boson. The next-to-leading order (NLO) SM prediction for the Z/γ * Z/γ * production cross section in pp collisions at the Fermilab Tevatron Collider at √ s = 1.96 TeV is σ(pp → Z/γ * Z/γ * ) = 1.4 ± 0.1 pb [1] . This cross section is evaluated in a high mass region where the masses of * with visitors from a Augustana College, Sioux Falls, SD, USA, b The University of Liverpool, Liverpool, UK, c SLAC, Menlo Park, CA, USA, d University College London, London, UK, e Centro de Investigacion en Computacion -IPN, Mexico City, Mexico, f ECFM, Universidad Autonoma de Sinaloa, Culiacán, Mexico, and g Universität Bern, Bern, Switzerland. h Visitor from Bradley University, Peoria, IL, USA.
(Z/γ * ) 1 and (Z/γ * ) 2 are greater than 70 GeV and 50 GeV, respectively. A correction factor of 0.93, derived using pythia [2] , is used to convert the measured cross section for Z/γ * Z/γ * into that for ZZ production. Studies of this process are important not only to further test the SM, but also for Higgs boson searches. Specifically, if the Higgs boson has a mass greater than 180 GeV, it will have a significant branching fraction into Z boson pairs. Thus, in that context, SM Z/γ * Z/γ * production is an important background to Higgs boson searches. Beyond the Higgs sector, the observation of an unexpectedly high cross section could indicate the presence of anomalous ZZZ or ZZγ couplings [3] or the existence of extra dimensions [4] or exotic particles.
Previous investigations of Z/γ * Z/γ * production have been performed both at the Fermilab Tevatron pp and the CERN e + e − (LEP) Colliders [5] . The CDF collaboration reported evidence of ZZ production with a significance of 4.4 standard deviations from combined ZZ → ℓ + ℓ − ℓ ′ + ℓ ′ − and ZZ → ℓ + ℓ − νν searches and measured a production cross section of σ(ZZ) = 1.4 +0.7 −0.6 pb with 1.9 fb −1 of integrated luminosity [6] . The D0 collaboration reported an observation of ZZ → ℓ
′ = e or µ) with 1.7 fb −1 of data and measured the production cross section to be σ(ZZ) = 1.75
+1.27
−0.86 (stat) ± 0.13 (syst) pb [7] . That result was combined with a previous ZZ → 4ℓ analysis [8] and an analysis in the ZZ → ℓ + ℓ − νν channel [9] , giving a cross section of σ(ZZ) = 1.60 ± 0.63 (stat) +0.16 −0.17 (syst) pb with a significance of 5.7 standard deviations [7] .
In this Article, we present a measurement of Z/γ * boson pair production with subsequent decays to either electron or muon pairs, resulting in final states consisting of four electrons (4e), four muons (4µ), or two muons and two electrons (2µ2e) [10] . We accept events which have more than four leptons, however we only use the four leptons with highest transverse momenta in constructing kinematic variables. Compared to previous publications [6, 7] we use a larger dataset and more inclusive selection criteria to achieve a reduction of a factor of 2.5 for the statistical uncertainty which dominates the experimental cross section determination. The higher statistics opens the possibility of studies of Z/γ * Z/γ * production properties, and we present for the first time differential distributions for the final state particles. Data used in this analysis were collected with the D0 detector at the Fermilab Tevatron pp Collider at √ s = 1.96 TeV between April 2002 and March 2010 and correspond to an integrated luminosity of 6.4 ± 0.4 fb −1 [11] . The D0 detector [12] consists of a central tracking system, a calorimeter, and a muon detection system. A silicon microstrip tracker (SMT) and a scintillating fiber tracker (CFT) comprise the tracking system, which provides coverage for pseudorapidity |η det | < 3 [13] . The tracking systems are located within a 2 T superconducting solenoidal magnet. Located immediately before the inner layer of the calorimeter is the central preshower detector (CPS), consisting of approximately one radiation length of absorber followed by three layers of scintillating strips. Calorimetry is provided by three liquid argon and uranium calorimeters. The central calorimeter (CC) provides coverage for |η det | < 1.1, while the two endcap calorimeters (EC) extend coverage to |η det | < 3.2. The calorimeters are sectioned in order of increasing distance from the collision point. The section closest to the collision region is the electromagnetic section (EM), while farther away are the fine hadronic (FH), and the coarse hadronic (CH) sections. A muon system surrounds the calorimeters, consisting of three layers of scintillators and drift tubes and 1.8 T iron toroidal magnets, covering |η det | < 2.
All events used in this analysis are recorded after satisfying a mixture of single and dilepton triggers. Due to the high transverse momentum of the Z/γ * decay products and the number of leptons in the final state, the trigger efficiency exceeds 99%.
The 4e channel requires the presence of four electrons with transverse energies E T > 30, 25, 15, and 15 GeV, respectively. Electrons can be reconstructed in either the CC region or in the EC region, however at least two electrons must be in the CC region. Electrons must be isolated from other energy clusters in the calorimeter and have a large fraction of their energy deposited in the EM section of the calorimeter. Electrons in the CC are required to satisfy identification criteria based on multivariate discriminants which use calorimeter shower shape, CPS, and tracking information. Several of these parameters are inputs to a neural network (NN), which is used to enhance electron purity. Electrons in the CC are required to have a matched track in the central tracking system. Electrons in the EC are not required to have a track matched to them due to deteriorating tracking coverage for |η det | > 2, but must satisfy additional shower shape requirements as well as pass tighter NN selections. With no requirement applied on the charge of the electrons to increase selection efficiency, three possible Z/γ * Z/γ * combinations can be formed for each 4e event. Only events having an invariant mass pair > 70 GeV and the other pair > 50 GeV are considered. Finally, events are split into three categories, depending on the number of electrons in the CC region. Subsamples with two, three, and four electrons in the CC are denoted as 4e 2C , 4e 3C , and 4e 4C , respectively. This splitting is performed because these subsamples have different levels of background contamination. For the 4µ channel, muons are identified as track segments in the muon detector matched to a central track or as a central track matched to a pattern of calorimeter activity consistent with passage of a high momentum muon. Muons identified in the muon system must satisfy quality criteria based on scintillator and wire information, and be synchronous with the beam crossing time to reject background from cosmic rays. At least three muons in the event must be isolated. Muon isolation is dependent upon two cone-based variables. The first variable, T Halo , is the sum of the transverse momentum associated with tracks in a cone of radius ∆R = (∆η) 2 + (∆φ) 2 = 0.4 centered on the muon track. The second variable, C Halo , is the transverse energy measured in the calorimeter, in an annulus between ∆R = 0.1 and ∆R = 0.4 centered on the muon track. Muons with muon system reconstructed tracks are considered isolated if T Halo is less than 4 GeV. For muons with only a calorimeter signal or where the muon system provides track segments only, a tighter isolation requirement is used: T Halo /p µ T < 0.09 and (C Halo − 0.005L)/p µ T < 0.09, where p µ T is the transverse momentum of the muon track, and L represents the instantaneous luminosity (in units of 10 30 cm −2 s −1 , L can reach ≈300) which is introduced to account for the occupancy increase due to multiple pp interactions at higher luminosities. We require that the four most en-ergetic muons have ordered transverse momenta p T > 30, 25, 15, and 15 GeV, respectively. The difference between the distances of closest approach (dca) to the pp interaction point along the beam axis for any pair of muon tracks are required to be < 3.0 cm. The three possible Z/γ * Z/γ * combinations per event formed without considering muon charge are considered. Candidate events are selected when at least one of the three possible combinations satisfies the same dilepton invariant mass requirements applied in the 4e channel.
For the 2µ2e channel, one electron and one muon must have E T (p T ) > 20 GeV, while the other two leptons must have E T (p T ) > 15 GeV. All muons and electrons must satisfy the lepton selection criteria defined for the 4e and 4µ final states, except that only one muon must satisfy the isolation requirements imposed in the 4µ final state. In addition, electrons and muons are required to be spatially separated by ∆R > 0.2. This requirement is applied to remove Z → µµ background where the muons radiate photons leading to events with two muons and two trackless electron candidates. Events from this channel assume that the muon pair originated from one Z/γ * and the electron pair originated for the other Z/γ * . The two same-flavor lepton pairs are required to satisfy the same invariant mass requirements as for the 4e channel. Finally, events are split into three categories depending on the number of electrons in the CC region. Subsamples with zero, one, and two or more electrons in the CC are denoted as 2µ2e 0C , 2µ2e 1C , and 2µ2e 2C , respectively. As in the 4e channel, this splitting is performed because these subsamples have different levels of background contamination.
A Monte Carlo (MC) simulation is used to determine signal acceptances, efficiencies as well as the expected number of signal events in each subchannel. All signal acceptances and efficiencies are evaluated after the high mass (> 70 GeV and > 50 GeV) requirements have been applied at the MC generator level. The contribution from Z/γ * Z/γ * events with at least one Z/γ * boson decaying into tau pairs is included in the signal. Events are generated using pythia and passed through a detailed geant-based [14] simulation of the detector response. Differences between MC and data reconstruction and identification efficiencies for electrons and muons are corrected using efficiencies derived from large data samples of inclusive Z → ℓℓ events.
Backgrounds to the Z/γ * Z/γ * signal originate from events with W and/or Z bosons decaying to leptons plus additional jets or photons and from top quark pair (tt) production. The jets can be misidentified as leptons or contain electrons or muons from in-flight decays of pions, kaons, or heavy-flavored hadrons.
To estimate the background from events with misidentified leptons, we first measure the probability for a jet to produce an electron or muon that satisfies the identification criteria from data. We measure this probability in a separate dijet data sample, selected by requiring at least two jets with p T > 15 GeV. We require the jet with largest p T to pass strict jet identification criteria and we use the second jet to measure the probability for a jet to be misidentified as a lepton. The two jets are required to be separated in azimuth by ∆φ > 3.0. To suppress contamination from W +jet events, we require the missing transverse energy / E T < 20 GeV [15] . The lepton identification criteria are applied to the second jet to measure how often a jet mimics an electron or produced a muon.
The probability for a jet to mimic an electron, parameterized in jet E T and η, is approximately 4 × 10 −4 for the case of CC electrons with a matched track and approximately 2 × 10 −3 in the case of EC electrons for which no track match criterion is applied. The probabilities for jets to be misidentified as electrons are then applied to jets in eee+jets and µµe+jets data to determine the background to the 4e and 2µ2e channels, respectively. This method takes into account contributions from Z+jets, Z+γ+jets, W Z+jets, W W +jets, W +jets, and events with ≥ 4 jets. However, it counts the contribution from Z+jets twice. A correction is measured using data, amounting to approximately 10%.
The probability for a 15 GeV (100 GeV) jet to produce a muon of p T > 15 GeV is approximately 7×10 −4 (10 −2 ) without requiring muon isolation, and approximately 4 × 10 −4 (2 × 10 −3 ) when the muon is required to be isolated. The probabilities for jets to contain a muon are applied to jets in µµ+jets and ee+jets data to estimate the background for the 4µ and 2µ2e channels.
The background from tt production is estimated from simulation with alpgen [16] generated events interfaced to pythia [2] .
Another possible background in the 4µ and 2µ2e channels is from cosmic ray muons. The probability for cosmic ray muons to cross at the interaction region near the time of the pp collision is small, nonetheless we estimate this background using data. The estimation is done by reversing combinations of the 4µ sample selection requirements, such as scintillator timing and dca criteria. This procedure yields rejection factors which are then applied to a cosmic ray enhanced data sample. The resulting background from cosmic rays in the 4µ and 2µ2e samples is less than 0.01 event for each channel.
We also estimate the contribution of Z/γ * Z/γ * with low invariant mass lepton pairs (< 70 GeV and < 50 GeV) that pass the kinematic selection criteria due to detector and reconstruction effects. This migration contribution is found from our signal MC where we select events that fail the generator level mass selection. This small contribution is corrected for in the cross section measurement. Table I summarizes the expected signal and background contributions to each subchannel, as well as the numbers of candidate events in data. The systematic uncertainty for the signal yield is dominated by a 6% uncer- tainty on the luminosity measurement [11] , the theoretical cross section uncertainty of 7%, and the uncertainty on the four-lepton reconstruction efficiencies of ≈ 10%. Additional smaller systematic uncertainties arise from modeling energy and momentum resolutions and from MC modeling of the signal kinematics. A systematic uncertainty of 20% on the jet-to-electron misidentification probability is estimated by varying the selection criteria of the control samples. Systematic uncertainties on background from jets containing a muon arise from the 40% uncertainty in measured misidentification rates and from the limited statistics of the data remaining in the samples after selection. The tt background systematic uncertainty includes the 7% uncertainty on σ(tt), as well as contributions from the variation in cross section and acceptance originating from the uncertainty on the mass of the top quark. The expected number of signal and background events are 8.73 ± 1.22 and 0.37 ± 0.13, respectively. We observe a total of ten candidate events, three in the 4e subchan- nel, four in the 4µ subchannel, and three in the 2µ2e subchannel. Figures 1-4 show four kinematic distributions of the data compared to the expected signal and background. In the eeee and µµµµ subchannels there can be up to three possible pairings of the four leptons which satisfy the invariant mass requirements used to select candidate events. If two or more combinations satisfy the invariant mass requirements we select the one in which both dilepton pairs have an invariant mass closest to the nominal Z boson mass for the distributions shown in Figs. 1 and 3 . Figure 1 shows the distribution of dilepton masses (two entries per event), Fig. 2 the transverse momentum of the Z/γ * Z/γ * system. Figure 3 displays the azimuthal angle φ decay , i.e. the angle through which the lepton side of one of the Z/γ * boson decay planes is rotated into the lepton side of the other Z/γ * boson decay plane, as measured in the Z/γ * Z/γ * center-of-mass frame. This angle is discriminating against background for high mass Higgs bosons. The construction of φ decay used in this Article follows the definition in [17] . Figure 4 displays the invariant mass of the Z/γ * Z/γ * system. Additional differential distributions and event information for the selected sample of events are shown in [18] .
The distributions shown are consistent with the expectation of a Z/γ * Z/γ * signal and small background. We therefore proceed to measure the pp → Z/γ * Z/γ * production cross section σ. Using the following likelihood function:
where N obs j is the observed number of events given an expected signal and background yield of
Here, A j is the acceptance times efficiency, L j is the integrated luminosity, B j is the branching fraction, and N bkgd j is the expected background for subchannel j. The cross section σ is obtained by minimizing − ln(L). The statistical uncertainty on σ is obtained by varying the − ln(L) by half a unit above the minimum. Systematic uncertainties are propagated to cross section uncertainties via variations in the likelihood function due to each independent systematic source. These likelihood variations are then summed in quadrature to obtain the total systematic uncertainty.
The production cross section is measured to be σ(pp → Z/γ * Z/γ * ) = 1.33
−0.40 (stat) ± 0.12 (syst) ± 0.09 (lumi) pb. This result is consistent with the SM prediction of 1.4 ± 0.1 pb. The total uncertainty reflects an improvement by a factor of approximately 2.5 relative to our previous four charged lepton measurement [7] . Based on this result we also quote a measurement of the on-shell σ(pp → ZZ) cross section. Using the conversion factor of 0.93 found from simulation, we measure σ(pp → ZZ) = 1.24
−0.37 (stat) ± 0.11 (syst) ± 0.08 (lumi) pb. The significance of the observed event distribution is found by using a negative log-likelihood ratio (NLLR) test statistic defined as −2 ln(L S+B /L B ), where L B and L S+B are Poisson likelihood functions for background and signal plus background, respectively [19] . As input we use the expected numbers of events from signal and background, separated into the seven subchannels, compared to the observed numbers of data events. The significance is obtained by generating many pseudoexperiments which are created by varying the signal and background around their central predicted values, thus creating a distribution of NLLRs. The mean numbers of expected signal and background events per pseudoexperiment are varied according to their systematic uncertainties. The method gives the probability (p-value) of the background fluctuating to give the observed yields or higher. In 2×10 9 background pseudo-experiments, we find zero trials with an NLLR value smaller or equal to that observed in data. This gives a p-value of less than 10 −9 . The equivalent probability for a Gaussian distribution is greater than 6 standard deviations.
Finally, this result is combined with the result from the independent ZZ → ℓ + ℓ − νν analysis [9] . The combination is done by adding the ZZ → ℓ + ℓ − νν results in dielectron and dimuon final states to our likelihood calculation as additional channels. Correlations of systematic uncertainties are accounted for between the two analyses. The combined result is σ(pp → ZZ) = 1.40
+0.43
In summary, the Z/γ * Z/γ * cross section in pp interactions at √ s=1.96 TeV is measured to be 1.33 
SUPPLEMENTAL MATERIAL
Figures 5-9 show various kinematic quantities for data and for the expected signal and background. Figures 5 and 6 show individual lepton p T and η det , where the leptons are ranked from highest transverse momentum to lowest [13] . Figure 7 shows ∆φ and ∆R between two leptons (two entries per event). Figure 8 shows the dilepton pair p T ranked from highest transverse momentum to lowest. In the eeee and µµµµ subchannels there can be up to three possible pairings of the four leptons which satisfy the invariant mass requirements used to select candidate events. If two or more combinations satisfy the invariant mass requirements we select the one in which both dilepton pairs have an invariant mass closest to the nominal Z boson mass. For the 2µ2e subchannel, we use the only valid combination, where one Z/γ * decays to the ee pair and the other Z/γ * decays to the µµ pair. Figure 9 shows the distribution of dilepton mass M 2 versus dilepton mass M 1 , where M 1 is the dilepton mass associated with the lepton pair that has the higher p T . Figure 10 gives an illustrative description of the angle φ decay . Tables II-XI give various measured quantities of the ten candidate events. 
The definition of the azimuthal angle φ decay ≡ φ ∈ [0, 2π].l1 andl2 represent the anti-leptons from Z bosons 1 and 2, respectively. Obtained from [17] . Dilepton mass (GeV) 89 ± 3 60 ± 2 Z/γ * pT (GeV) 110 ± 4 106 ± 3 4-lepton mass (GeV) 274 Dilepton mass (GeV) 98 ± 3 88 ± 4 Z/γ * pT (GeV) 63 ± 3 57 ± 3 4-lepton mass (GeV) 216 Dilepton mass (GeV) 98 ± 3 90 ± 3 Z/γ * pT (GeV) 44 ± 3 45 ± 2 4-lepton mass (GeV) 239 ± 5 Z/γ * Z/γ * pT (GeV) 1 ± 4 / ET (GeV) 2 ± 1 Z/γ * pT (GeV) 38 
